kDa in cortical neuronal/glial membranes. With the aid of the appropriate antisera to the species-specific se quences, GLUT3 was detected in rat and human cortical membranes but not in isolated rat or human microvessels. These antisera failed to detect GLUT3 in either canine cortical membranes or canine microvessels, implying ad ditional species specificity in the C-terminal sequence.
Summary: Two glucose transporter (GLUT) isoforms have been identified in brain. The GLUTl isoform is abundant in cerebral microvessels and may be present in glia and neurons, whereas GLUT3 is probably the major neuronal glucose transporter. This study investigates whether GLUT3 is also present in microvessels from rat, human, and canine brain, by means of antisera directed against the divergent C-terminal sequences of mouse and human GLUT3. GLUTl was detected in whole brain as two molecular mass forms: 55 kDa in microvesse1s and 45
The transport of glucose from the blood to the brain requires its passage across the capillary endo thelial cells of the blood-brain barrier as well as across the plasma membranes of neuronal and glial cells. This transfer is mediated by glucose transport proteins. Five isoforms of the facilitative glucose transporter (designated GLUTl-GLUT5) and one sodium-dependent isoform have been cloned (for review see Bell et al., 1990) . GLUTl and GLUT3 are expressed in rodent brain (Flier et al., 1987; Yano et al., 1991; Nagamatsu et al., 1992) .
GLUTl in whole brain can be resolved on sodium dodecyl sulfate (SDS) polyacrylamide gel electro phoresis as two molecular mass forms of 45 and 55 kDa, which differ in their extent of glycosylation (Sivitz et al., 1989) . The 55-kDa form of GLUTl is expressed at relatively high density in the microvas-cular endothelium of the blood-brain barrier (Dick et al., 1984; Pardridge et al. , 1990) . The presence of GLUTl in neurons and glia is somewhat unclear because of an inability in some studies to detect GLUTI in microvessel-depleted brain membranes (Pard ridge et al., 1990; Gerhart et al., 1992) and because most immunohistochemical studies have detected GLUTl only in microvessels (Gerhart et al., 1989; Pard ridge et al., 1990) . One immunohis tochemical study has detected GLUTl in glia (Devaskar et al., 1991) . However, the 45-kDa form of GLUTl has been detected in neuronal prepara tions by biochemical and immunoblotting tech niques (Hara et al., 1987; Bhatacharrya and Brod sky, 1988) and in cultured neurons and glia (Walker et al., 1988; Werner et al., 1989) .
GLUT3 has been cloned from human (Kayano et al., 1988) and mouse (N agamatsu et al., 1992) cDNA libraries. GLUT3 mRNA has been detected in many human tissues (Kayano et al., 1988) , while in rodents GLUT3 is expressed exclusively in brain (Yano et al. , 1991; Nagamatsu et al., 1992) . GLUT3 may be the major neuronal glucose transporter due to its expression in primary cultured neurons and neuronal cell lines (Maher et aI., 1991 (Maher et aI., , 1992 . The human and mouse GLUT3 sequences share an overall 83% identity, but there is significant diver gence at the C-terminus. In our hands, antisera to one sequence (e.g., mouse GLUT3) do not detect the GLUT3 protein in the other species (e.g., hu man brain). However, Gerhart et al. (1992) , utilizing an antiserum to human GLUT3, have reported the presence of GLUT3 in both microvessels and neu rons of rat and dog brain. Clarification of the spe cific transporter isoforms expressed at the blood brain barrier and in neurons and glia is essential to the understanding of brain glucose uptake. There fore, the purpose of this study was to analyze glu cose transporter isoform expression in purified cor tical microvessels and in the microvessel-depleted cortical (neuronal/glial) membranes from rat, hu man, and canine brain with antisera specific for the mouse and human GLUT3 sequences.
MATERIALS AND METHODS

Antisera and Western blot analysis
Rabbit poly clonal antiserum was raised against a syn thetic peptide (conjugated to keyhole limpet hemacyanin) of the C-terminal 20 amino acids of the mouse GLUT3 sequence (Nagamatsu et ai., 1992 ) (a gift from Hoffmann La Roche, Nutley, NJ, U.S.A.). Affinity-purified antise rum to the C-terminal 12-amino acid sequence of human GLUT3 (Kayano et ai., 1988) was purchased from East Acres Biologicals (Southbridge, MA, U.S.A.). The C-ter minal 20-amino acid sequences of mouse and human GLUT3 are aligned for direct comparison:
Antisera to the C-terminal 12-amino acid sequences of GLUTl (serum 379), GLUT2, and GLUT4 (gifts from Hoffmann-La Roche) as well as a polyclonal rabbit an tiserum to human erythrocyte glucose transporter (GLUTl), a gift from D. Sogin and P. Hinkle, were used. Antiserum to the sodium-glucose cotransporter was ob tained from Dr. E. Wright (University of California, Los Angeles, CA, U.S.A.). Western blot analysis was per formed with these antisera on proteins separated on 10% SDS polyacrylamide gels and transferred to nitrocellu lose, as described previously (Maher et ai., 1991) .
Isolation of cortical microvessels and neuronal/glial membranes
Microvessels were isolated from cortical shells from three to five adult rats, 5 g of adult dog cortical gray matter, and 2 g of human cerebral cortex (surgical spec imen), essentially as described by Betz et ai. (1979) but with 17% dextran used in place of bovine serum albumin. Nonvascular cortical membranes (neuronal/glial fraction) were prepared from the same brains by centrifugation of the initial supernatant (1,000 g) at 150,000 g for 20 min at 4°C. Membrane and microvessel pellets were washed and resuspended in 20 mM Tris/l ruM ethylenediaminetet-raacetate/255 mM sucrose, pH 7.4, with 1 ruM each of phenylmethylsulfonyl fluoride, aprotinin, leupeptin, and pepstatin. Rat brain total membranes were prepared with out removal of microvessels in 25 mM N-2-hydroxy ethylpiperazine-N'-2-ethanesulfonate/l ruM ethylenedi aminetetraacetate, pH 7.4, with protease inhibitors. Pro tein was determined with BCA reagent.
RESULTS
Western blots of rat brain membranes and mi crovessels probed with antisera to mouse and hu man GLUT3 are shown in Fig. 1. GLUT3 (45-kDa doublet) was detected with antiserum to mouse GLUT3 in rat brain total membranes and neuronal/ glial membranes, but not in purified microvessels. With antiserum to human GLUT3, GLUT3 protein was not detected in rat neuronal/glial membranes or microvessels, but was detected in human brain. The absence of GLUT3 protein from rat microvessels was confirmed by immunofluorescence analysis of freshly isolated rat microvessels attached to poly lysine/collagen-coated slides and fixed with 4% paraformaldehyde. Neither antiserum to mouse or human GLUT3 gave a positive result, whereas GLUTl was readily detected by immunofluores cence in the same microvessels (data not shown).
GLUTl was detected in rat brain as two molec ular mass species of 45 and 55 kDa (Fig. 1) . The 45-kDa form was present in neuronal/glial mem branes, while the 55-kDa form was present in puri fied rat microvessels. The same pattern was ob served in human and canine microvessels and neu ronal/glial membranes (Fig. 2) .
Western blot analysis of membranes and mi crovessels from human and dog brain with human GLUT3 antiserum is shown in Fig. 2 . GLUT3 was detected in human brain neuronal/glial membranes but not in human microvessels. GLUT3 was not detected in canine neuronal/glial membranes or mi- and human GLUT3 (1 :500). Antiserum to mouse GLUT3 gave no reaction on replicate blots. Molecular mass markers are shown on the left. crovessels with human GLUT3 antiserum (Fig. 2) or with mouse GLUT3 antiserum (not shown).
Other facilitative glucose transporter isoforms, GLUT2 and GLUT4, and the sodium-glucose cotransporter were not detected by Western blot analysis in rat brain total membranes, neuronal/glial membranes, or microvessels.
DISCUSSION
To date, two facilitative glucose transporter iso forms, GLUTl and GLUT3, have been identified in brain. GLUTl is expressed at highest concentra tions in the cerebral microvasculature, whereas GLUT3 is expressed in neuronal cells (Maher et aI., 1991 (Maher et aI., , 1992 Nagamatsu et aI. , 1992) . In this study, we have demonstrated that in rat brain, GLUT3 is found exclusively in the neuronal/glial fraction and is absent from cerebral microvessels, whereas GLUTl is detected as different molecular weight forms in each fraction. These findings are in direct contrast to a recent study in which GLUT3 was detected in both microvessels and neuropil of dog and rat brain and GLUTl was localized exclusively to the cerebral vascular fraction (Gerhart et aI., 1992) . The discrepancies in GLUT3 detection have several possible explanations, particularly in rela tion to antiserum specificity.
The C-terminal sequences of mouse and human GLUT3, against which antipeptide antisera were generated, are only 40-50% identical (see Materials and Methods) . This lack of identity would be ex-J Cereb Blood Flow Metab, Vol. 13, No.2, 1993 pected to limit the ability of such antisera to detect GLUT3 across species, as we have found here and previously (Maher et aI., 1992) . The detection of GLUT3 in canine brain with anti-human GLUT3 antiserum, as reported by Gerhart et aI. (1992) , may be consistent with the apparent sequence similarity of canine and human GLUT3 C-termini as deter mined by their polymerase chain reaction results. However, we could not detect GLUT3 in canine brain with either human or mouse GLUT3 antisera, implying that the canine GLUT3 C-terminal se quence is not identical to either human or mouse GLUT3. Thus, the specificity of the protein de tected in rat and dog brain with antiserum to human GLUT3 is in question. Further inconsistencies in clude the different patterns of GLUT3 detection with antisera raised to different peptide conjugates [keyhole limpet hemacyanin (KLH) or ovalbumin]. Together, these issues raise the question of nonspe cific antiserum reactivity.
The microvascular endothelium of brain is rich in the GLUTl glucose transporter (Dick et aI., 1984; Pardridge et aI., 1990) and, on the basis of current evidence, there is no reason to predict the expres sion of another isoform. We have shown the pres ence of two forms of GLUT 1 in rat, dog, and human brain, consistent with other reports (Sivitz et aI., 1989) : a 55-kDa form in microvessels and a 45-kDa form present in the neuronal/glial fraction (Hara et aI., 1987) . Despite the detection of GLUTl in the neuronal/glial fraction by Western blotting, most re ports have demonstrated immunohistochemical lo calization only in microvessels (Gerhart et aI., 1989; Pardridge et aI., 1990 ) and, in one study, in glia (Devaskar et aI., 1991) .
We have previously proposed that GLUT3 is the major neuronal glucose transporter in rodents on the basis of its expression in brain, primary cultured neurons, and neuronal cell lines and its absence from nonneuronal cells, including glia, and nonneu ral tissues (Maher et aI., 1991 (Maher et aI., , 1992 . The absence of GLUT3 from cerebral microvessels is consistent with the extraneural derivation and nonneuronal na ture of this tissue.
